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Abstract
Expression of foreign peptides on the surface of cowpea mosaic virus particles leads to the creation of chimaeras with a variety of
phenotypes and yields. Two factors were shown to be particularly significant in determining the properties of a given chimaera: the length
of the inserted sequence and its isoelectric point. The deleterious effect of high isoelectric point on the ability of chimeras to produce a
systemic infection occurs irrespective of the site of insertion of the peptide. Ultrastructural analysis of tissue infected with chimaeras with
different phenotypes showed that all produced particles with a tendency to aggregate, irrespective of the size or isoelectric point of the insert.
Host range and transmission studies revealed that the expression of a foreign peptide did not (1) alter the virus host range, (2) increase the
rate of transmission by beetles or through seed, or (3) change the insect vector specificity. These findings have implications for both the
utility and the biosafety of Cowpea mosaic virus-based chimaeras.
© 2003 Elsevier Science (USA). All rights reserved.
Keywords: Cowpea mosaic virus; Chimaeras; Foreign peptides; Isoelectric point; Host range; Insect transmission; Seed transmission
Introduction
Cowpea mosaic virus (CPMV) is a bipartite icosahedral
RNA plant virus that infects legumes and is beetle trans-
mitted. In the past few years CPMV particles have been
used extensively as a means of presenting multiple copies of
a peptide on the surface of a large macromolecule (for
reviews, see Lomonossoff and Johnson, 1995; Lomonossoff
and Hamilton, 1999). In most instances the peptides pre-
sented have been antigenic sequences (epitopes) and the
modified particles (chimaeras) have been used to elicit an
immune response in animals. For example, chimaeras ex-
pressing epitopes from gp41 of human immunodeficiency
virus type 1 (HIV-1) or VP2 of mink enteritis virus (MEV)
have been shown to be capable of raising neutralizing and
protective antibodies, respectively, in mice and mink
(McLain et al., 1995; 1996; Dalsgaard et al., 1997). Re-
cently, the potential uses of CPMV-based chimaeras have
been extended to include the production of substrates for
nanotechnology (Chatterji et al., 2002; Wang et al., 2002)
and as a means of inhibiting virus entry into cells (Khor et
al., 2002).
Following optimization of the method of presenting pep-
tides on the surface of CPMV (Usha et al., 1993; Porta et al.,
1994), it has been possible to produce CPMV-based chi-
maeras that can be propagated and purified as easily as
wild-type virus. However, there have been several cases
where problems with specific chimaeras have been encoun-
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tered. For example, Porta et al. (1994) found that a chimaera
expressing a 19-amino acid epitope from foot and mouth
disease virus (FMDV) did not spread systemically in cow-
peas and could not be purified in significant quantities.
Likewise, Taylor et al. (1999) reported that a chimaera
expressing a rotavirus epitope, though viable, rapidly lost
most of the insert, and we have also experienced problems
in establishing infections with certain constructs. Clearly,
uncertainty as to the potential viability of chimaeras will
limit the utility of the CPMV peptide expression system and
it would be extremely useful if the factors governing their
behaviour could be understood. In addition, there is concern
about the widespread use of chimaeras based on a viable
plant virus, since modification of the capsid surface could
theoretically affect the ability of the virus to spread in the
environment.
To address these issues we have conducted a detailed
analysis of the growth properties of a series of chimaeras
with inserts that differ both in size and isoelectric point (pI).
Furthermore, we have examined whether the presence of a
heterologous peptide affects the virus host range, its ability
to be transmitted by beetle vectors, and its level of trans-
mission through seed. The results indicate that both length
and pI of the insert have profound effects on the growth of
chimaeras. However, the presence of a foreign peptide, if
anything, decreases the ability of the virus to spread in the
environment.
Results
Production of chimaeras with inserts in the B–C loop
of the S protein
Since we have previously shown that the precise site of
insertion of a heterologous peptide can greatly affect its
properties (Taylor et al., 2000), we chose initially to com-
pare the properties of chimaeras that all contain inserts at an
identical location on the virus surface. This site was be-
tween Ala22 and Pro23 in the B–C loop of the S protein
(Fig. 1) and is the site most frequently used for the expres-
sion of foreign peptides (Lomonossoff and Johnson, 1995;
Lomonossoff and Hamilton, 1999). The design of the chi-
maeras followed the guidelines outlined by Porta et al.
(1994), which have proved successful in the creation of a
number of genetically stable constructs. Briefly, oligonucle-
otides encoding the peptide of interest, flanked by appro-
priate CPMV-specific sequences, were ligated into a NheI/
AatII-digested RNA-2-specific clone (Fig. 1). The resulting
constructs were used to inoculate plants in the presence
of RNA-1 either directly or after transcription in vitro with
T7 RNA polymerase, as appropriate (see Materials and
methods).
Influence of insert pI and length on the phenotype of B–
C loop chimaeras
The effects of insert length and pI on the phenotypes of
chimaeras produced in our laboratory are shown in Table 1.
Overall, a variety of different effects on symptomatology
and virus yield can be observed. These vary from infections
indistinguishable from those produced by wild-type virus
(Fig. 2) to a complete lack of infectivity. A chimaera was
only assigned as being noninfectious after several attempts
had been made to infect plants. The symptoms and virus
yields of infectious chimaeras were assessed after one or
two serial passages, as this overcame variations in the effi-
ciency of the original inoculation with transcripts or plasmid
DNA. Since the precise yield of a given chimaera varies
depending on growth conditions, rather than citing precise
figures we have chosen to list yields in three broad catego-
ries in Table 1. These are WT (wild-type: yield greater that
0.3 mg of virus per gram of wet leaf tissue), reduced
(between 0.05 and 0.3 mg of virus per gram of wet leaf
tissue), and very low (less than 0.05 mg of virus per gram of
wet leaf tissue).
Noninfectious chimaeras (CPMV-BPV-L1, -FMDV-B,
and -FMDV-15) all share the common property that the pI
of the insert is in excess of 12. Since the size of the inserts
in these chimaeras varies between 15 and 34 amino acids
and chimaeras with similar-sized inserts of lower pI are
viable, it appears that the extremely high insert pI is the
dominant factor in preventing infection. The significance of
pI on the viability of chimaeras was confirmed by analysis
of the properties of chimaeras with inserts whose pIs varied
between 9 and 12 (CPMV-FMDV-C, -FMDV-V, -FMDV-
VE, -FMDV-VII, -FMDV-VIII, -FMDV-VIIIR, and
-FMDV-IX). In all but one of these cases, the virus has a
phenotype similar to that reported previously for CPMV-
FMDV-V (Porta et al., 1994) including the production of
wild-type-like lesions on inoculated leaves but either no or
very limited, sporadic systemic spread (Fig. 2C). In addi-
tion, it proved very difficult to purify significant yields of
virus particles, a phenomenon also characteristic of a
CPMV-FMDV-V infection.
CPMV-FMDV-IX was the only apparent exception to
the correlation between high insert pI, reduced systemic
movement and the production of particles which were dif-
ficult to purify was. This chimaera has an insert of only 5
amino acids, the high pI of which is due to the presence of
a single lysine (K) residue. However, though eventually
causing a wild-type-like mosaic on upper leaves and giving
high yields of virions, this chimaera took longer than wild-
type virus to spread systemically (Table 1). Thus it is likely
that the very small size of insert, and probably its concom-
itant lack of exposure on the virion surface, suppresses most
of the deleterious effects of the high pI.
That it is the pI of the insert, rather than its precise
sequence, that is deleterious to the propagation of a chi-
maera is confirmed by the similarities in the properties of
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CPMV-FMDV-VIII and -FMDV-VIIIR (Table 1). The in-
serts in these chimaeras have identical amino acid compo-
sitions but differ in sequence, the peptide insert in CPMV-
FMDV-VIIIR being a randomized version of the sequence
in CPMV-FMDV-VIII.
All chimaeras created to date containing inserts in the
B–C loop of the S protein with pIs below 8.0 were
viable, though there was variation in the symptoms ob-
served and the virus yield obtained. This was particularly
correlated with the size of the insert. The chimaera contain-
ing the largest insert (30 amino acids) that grew as well as
wild-type virus was CPMV-SA-I. Extending the C-terminal
sequence of this epitope by 8 amino acids to give CPMV-
SA-II resulted in a drastic alteration of phenotype, with
lesions on inoculated leaves being considerably smaller than
those produced by wild-type virus (Fig. 2A) and systemic
spread occurring much more slowly. Comparative analysis
of the genetic stability of CPMV-SA-I and -SA-II by re-
Fig. 1. Construction of cowpea mosaic virus (CPMV)-based chimaeras. The generic structures of oligonucleotide pairs used to construct chimaeras with
inserts in the B–C loop (A) and the C–C loop (B1; B2) of the S protein are shown in boldface uppercase, with the amino acids encoded shown above
in bold. The CPMV-specific sequences into which the oligonucleotides are inserted in the vectors are shown in lowercase, with the restriction sites used for
cloning indicated. Underlined amino acids are encoded by a cloning cassette. The locations of the restriction sites used to insert sequences into the regions
encoding either the B–C loop (NheI and AatII) or the C–C loop (SalI and SphI or BsmI) of CPMV RNA-2 are shown in C.
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verse transcription – polymerase chain reaction (RT-PCR)
showed that after three passages, the insert was still intact in
CPMV-SA-I while most of it had been lost in CPMV-SA-II,
deletions occurring either in the middle or at the carboxy-
terminal end of the insert. A similar phenotype to that
observed for CPMV-SA-II (small lesions on inoculated
leaves and limited system spread) was also found with
CPMV-RSV-G, which had an insert of 32 amino acids
(Table 1). This suggests that chimaeras with inserts above
approximately 30 residues are debilitated for spread in
plants. A further dramatic illustration of the effect of the
presence of a large insert on chimaera viability was pro-
vided by the case of CPMV-ROTA-1. Following a single
passage to new plants, systemic symptoms were observed
on the upper leaves, but their appearance coincided with the
loss of the 36 C-terminal residues of the insert along with 4
residues from the adjacent CPMV sequence (Taylor et al.,
1999).
The only example we observed of a chimaera with a
modest size insert (19 amino acids) and a low pI (4.41) that
did not grow as well as wild-type CPMV was CPMV-
MSA-1. Though the precise cause of this behaviour was not
investigated in detail, it may be significant that the insert
contained two adjacent lysine residues in its center, giving
it a high local pI.
Reduction of insert pI improves chimaera spread and
yield
As described above, cowpea plants inoculated with
CPMV-FMDV-C initially developed an infection pheno-
type identical to that noted previously for FMDV-V. How-
ever, after two serial passages, the systemic mosaic that
appeared on the upper leaves of infected plants (P2 plants)
and the levels of virus particles that could be isolated were
both indistinguishable from those obtained with wild-type
virus. RT-PCR analysis of RNA extracted from both inoc-
ulated and systemically infected leaves of the P2 plants
showed that the sequence of the insert had accumulated
mutations that changed the encoded amino acid sequence
from YTASARGDLAHLTTTHARHLP to YTASAQGD-
LAHLTTTHARHLS (mutated amino acids underlined).
These mutations reduce the pI of the insert from 9.75 to
7.79, indicating that the appearance of a wild-type-like
systemic mosaic and purifiable virions at P2 is only possible
at the price of reducing the pI of the insert. This correlation
between systemic spread and reduced insert pI was con-
firmed by the results obtained by passaging CPMV-FMDV-
VII, another construct with a CPMV-FMDV-V-like pheno-
type. As with CPMV-FMDV-C, P2 plants developed a
systemic mosaic and RT-PCR revealed that the insert had
Table 1
Properties of chimaeras with inserts in the B–C loop of the S protein
Origin/name
of chimaera
Sequence of inserta Size of
insert
pI of
insertb
Symptoms Virus yieldd
Inoc /Upperc
ROTA-1 TGSMDTAYANSTQSEPFLTSTLCLYYPVEASNEIADTEWKDTLSQLFLTK 50 3.80 Small /Rev Reducede
SA-II GQNNGNQSFEEDTEKDKPKYEQGGNIIDIDFDSVPHIH 38 4.20 Small /Rev Reducede
FMDV-15 RHKQKIVAPVKQTLPPSNLRGDLQVLAQKVARTL 34 12.28 None /None N.A.
RSV-G NHQDHNNFQTLPYVPCSTCEGNLACLSLCHIE 32 5.34 Small /Rev Reduced
SA-I GQNNGNQSFEEDTEKDKPKYEQGGNIIDID 30 3.92 WT /WT WT
HIV-III PRGPDRPEGIEEEGGERDRDRS 22 4.38 WT /WT WT
FMDV-C YTASARGDLAHLTTTHARHLP 21 9.75 WT /SSS Very Low
MSA-2 RNNHPQNTSDSQKEATDGNK 20 7.53 WT /WT WT
FMDV-B RYSRNAVPNVRYSRNAVPNV 20 12.10 None /None N.A.
MSA-1 VTHESYQELVKKLEALEDA 19 4.41 Small /MSS Reduced
FMDV-V VPNLRGDLQVLAQKVARTL 19 11.47 WT /SSS Very low
FMDV-VE VPNLRGELQVLAQKVARTL 19 11.47 WT /SSS Very Low
BPV-L1 TRNSSKPAKRKKIKA 15 12.57 None /None N.A
FMDV-VII RGDLQVLAQKVARTL 15 11.47 WT /SSS Very Low
HRV-II KDATGIDNHREAKL 14 7.53 WT /WT WT
FMDV-X VPNLRGDLQVLAQK 14 9.67 WT /SSS Very Low
FMDV-VIII VLAQKVARTL 10 11.65 WT /None Very Low
FMDV-VIIIR KAAVQRLTLV 10 11.65 WT /SSS Very Low
FMDV-XI VPNLRGDLQ 9 6.31 WT /WT WT
FMDV-IX VLAQK 5 9.67 WT /WTf WT
a For the origin of the inserted sequence, see Materials and methods.
b Isoelectric point (pI) of insert calculated using GCG package.
c Symptoms on inoculated (Inoc) and upper leaves: WT  wild-type symptoms; Small indicates that the lesions on inoculated leaves were smaller than
those obtained with wild-type CPMV; Rev indicates that the symptoms were due to revertant virus; SSS  sporadic systemic symptoms; MSS  mild
systemic symptoms; CPMV  cowpea mosaic virus.
d N.A.  not applicable as the virus was not infectious.
e No authentic virus could be isolated.
f Development of systemic symptoms delayed compared to wild-type virus.
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accumulated a series of amino acid changes that collectively
reduced its pI from 11.47 to 6.57 (data not shown).
Negative effect of pI is not limited to inserts in the B–
C loop of the S protein
To determine whether the effect of pI on the viability and
yield of chimaeras was specific to those containing inserts in
the B–C loop of the S protein, five chimaeras were
created that contained inserts between amino acids Val42
and Gly43 in the C–C loop of the S protein (Fig. 1). As
a result of the two methods used to construct the vectors, the
inserted peptide is always flanked at its N-terminus by the
tripeptide Gly-Ser-Thr and has at its C-terminus either
Gly43 of the S coat protein or the dipeptide His-Ala (Fig.
1B; Table 2). In two cases, CPMV-V42/G43-HRV and
CPMV-V42/G43B-HRV, the new chimaeras contained the
HRV-14-derived insert that had previously been expressed
in the B–C loop of the S protein in chimaera CPMV-
HRV-II (Table 1). CPMV-V42/G43B-FM-V contained the
same insert as in the B–C loop of CPMV-FMDV-V
(Table 1) but with an additional C-terminal Pro. The last
two chimaeras, CPMV-V42/G43-FM-T and CPMV-V42/
G43B-FM-T, contained a sequence with a high pI from the
C-terminus of VP1 from FMDV serotype O. While CPMV-
V42/G43-HRV and CPMV-V42/G43B-HRV have inserts
with pIs of 7.53 and grew as well as wild-type CPMV
(Chatterji et al., 2002), all three chimaeras with high pI
inserts initially gave only local symptoms. However, as
previously seen with CPMV-FMDV-C, some systemic
symptoms developed after two or more serial passages.
Their appearance correlated with the ability to isolate in-
creasing levels of viral particles. RT-PCR analysis of RNA
extracted from purified virus particles revealed that in all
three cases the increased ability of the chimaeras to spread
systemically was correlated with the accumulation of mu-
tations that decreased the pI of the insert. In the case of
CPMV-V42/G43B-FM-V, a single mutation of FMDV
residue Arg145 to Gly altered the pI from 11.47 to 9.67.
In CPMV-V42/G43B-FM-T, the sequence of the insert
Fig. 2. Symptoms on cowpea leaves infected with cowpea mosaic virus (CPMV) chimaeras. (A) Lesions on the inoculated leaves of plants infected with
CPMV-HRV-II (left; indistinguishable from wild-type symptoms) compared with those obtained with CPMV-SA-II (right; small lesions). The leaves were
photographed at the same time post inoculation (2 weeks). (B) Upper leaves photographed 3 weeks after either mock-inoculation or inoculation with wild-type
virus or CPMV-HRV-II. (C) Upper leaf of plant inoculated with CPMV-FMDV-X photographed 3 weeks post inoculation. The sites of sporadic symptoms
are indicated by arrows. (D) Upper leaf of plant inoculated with CPMV-FMDV-XI photographed 3 weeks post inoculation.
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was changed from GSTRHKQKIVAPVKQTL to
GSTRHEQEIVAPVKQTL (mutated amino acids under-
lined) with a concomitant drop in pI from 11.92 to 7.53.
In CPMV-V42/G43-FM-T, the pI of the insert decreased
from 11.92 to 7.69 by mutation of GSTRHKQKIV-
APVKQTLHA to GSTRHEQKIVAPVEQTLHA (mutated
amino acids underlined).
Ultrastructural analysis of tissue infected with chimaeras
To investigate whether an aberrant subcellular location
or interaction might be responsible for the phenotype of
chimaeras containing inserts with high pIs, an ultrastruc-
tural analysis of infected tissue was carried out. In the first
instance, analysis was performed on a leaf directly inocu-
lated with plasmid DNA corresponding to CPMV-
FMDV-C, to minimize the chance of mutations accumulat-
ing in the insert on passaging. The tissue samples were
embedded in resin at low temperature to optimize the pres-
ervation of antigenic structures for subsequent immunogold
labelling. In all the sections examined, extensive ordered
lattices several micrometers across could be seen that ap-
peared to consist of icosahedral particles (Fig. 3A and B).
No such large aggregates were observed in sections from
healthy tissue or tissue infected with wild-type CPMV (data
not shown) and such large virus aggregates have not been
reported previously in CPMV-infected tissue. Immunogold
labelling using an antiserum raised against CPMV particles
showed that the aggregates are composed of ordered arrays
of virus particles (Fig. 3D), no labelling being observed
with the corresponding preimmune serum (Fig. 3C).
To determine whether the aggregates seen in cells in-
fected with CPMV-FMDV-C were related to its distinctive
phenotype, tissue infected with either wild-type CPMV,
CPMV-HRV-II, or CPMV-HIV-III was examined by elec-
tron microscopy after fixation with osmium tetroxide to
maximize tissue preservation. In the case of wild-type
CPMV, large quantities of virus particles could be seen
throughout the cytoplasm (Fig. 4A and B), within tubules
connecting cells (Fig. 4A) and, occasionally in small, loose
aggregates (Fig. 4B). By contrast, cells infected with
CPMV-HRV-II or -HIV-III contained large aggregates,
similar to those seen previously with CPMV-FMDV-C,
which clearly consisted of virus particles (Fig. 4C and B).
Similar aggregates were also seen with CPMV-FMDV-VIII
(data not shown). Taken together, these results indicate that
the formation of large aggregates is a general property of
chimaeras, regardless of the pI of the insert, and is uncon-
nected with the ability of the virus to spread systemically or
the ease with which particles can be purified.
Host range analysis
To assess whether the expression of a foreign peptide on
the surface of CPMV might affect the range of plants the
virus can infect, the ability of CPMV-HRV-II and CPMV-
HIV-III to infect a wide variety of species was determined.
These chimaeras were selected because they grow to wild-
type levels in cowpeas (Table 1) and have been shown to be
genetically stable over several passages in this host (Porta et
al., 1994). The host range of these chimaeras proved to be
identical to that of wild-type CPMV although in some
instances fewer of the plants were infected with the chimae-
ras (Table 3). Plants that were not susceptible to wild-type
CPMV were not susceptible to the chimaeras, suggesting
that the additional epitopes did not cause changes in the
virus that allowed it to infect new host plants. In a number
of cases, Vicia spp. plants inoculated with CPMV-HIV-III
were found to be infected with what appeared to be a
mixture of CPMV-HIV-III and wild-type CPMV, and in one
instance, CPMV-HIV-III inoculation appeared to result in
infection solely with wild-type virus. However, as no se-
quence analysis of the corresponding PCR products was
undertaken, the precise origin of these apparently wild-type
sequences is unclear (see Discussion).
Transmission by gross wounding
To examine whether the presence of a foreign insert
affected the vector transmission of a chimaera, the ability of
CPMV-HRV-II to be transmitted by “gross wounding” in
the presence and absence of RNase (Gergerich et al., 1983)
Table 2
Properties of chimaeras with inserts in the B–CC–C loop of the S protein
Origin/name of chimaera Sequence of inserta Size of insertb pI of insertc Phenotyped
V42/G43B-FM-V GSTVPNLRGDLQVLAQKVARTLP 23 11.47 FMDV-C
V42/G43-HRV GSTKDATGIDNHREAKLHA 19 7.53 WT
V42/G43-FM-T GSTRHKQKIVAPVKQTLHA 19 11.92 FMDV-C
V42/G43B-HRV GSTKDATGIDNHREAKL 17 7.53 WT
V42/G43B-FM-T GSTRHKQKIVAPVKQTL 17 11.92 FMDV-C
a For the origin of the inserted peptide, see Materials and methods. All chimaeras contain the sequence GST at the N-terminus of the insert. Chimaeras
without the letter B in their name (after the position of the insert) also contain the sequence HA at the C-terminus of the insert.
b Including amino acids GST and, where relevant, HA from the linker sequence (cloning cassette).
c Isoelectic point (pI) of insert calculated using GCG package.
d Phenotype classified as either similar to wild-type cowpea mosaic virus (CPMV) (WT) or like CPMV-FMDV-C (see text).
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Fig. 3. Electron micrographs of tissue sections from a cowpea leaf infected with CPMV-FMDV-C fixed at low temperature, 2 weeks post inoculation. Panels
A and B were taken at low magnification to allow visualization of the large aggregates (arrowed) that accumulate inside the infected cells. Pictures C and
D are high magnification images of sections that have been subjected to immunogold labelling using either preimmune rabbit serum diluted 1:10 (C) or rabbit
anti-CPMV serum diluted 1:100 (D). Bound antibodies were revealed using goat anti-rabbit IgG conjugated to 10-nm gold particles. Appropriate scale bars
are indicated.
was compared with that of wild-type CPMV. Gross wound-
ing mimics beetle feeding damage and the presence of
RNase provides conditions similar to that found in beetle
regurgitant (Gergerich et al., 1991). When this inoculation
technique is used with RNase/virus mixtures, only beetle-
transmissible viruses are transmitted (Gergerich et al.,
1983). Thus the technique provides a useful preliminary test
of beetle transmissibility of modified viruses.
The results of the experiment are shown in Table 4. In
the absence of RNase, the transmission level of wild-type
Fig. 4. Electron micrographs of sections of cowpea leaves infected with either wild-type cowpea mosaic virus (CPMV) (A and B), CPMV-HRV-II (C), or
CPMV-HIV-III (D) fixed with osmium tetroxide, 2 weeks post inoculation. Wild-type particles can be seen in the cytoplasm and in a tubule in A and in a
small loose aggregate in B. Large aggregates of chimaeric virus particles can be seen in C and D. In each case the scale bar represents 200 nm.
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CPMV is high (87–93%) at all virus concentrations tested.
Though the effect is marginal, CPMV-HRV-II seems to be
slightly less transmissible (63– 87%) under equivalent condi-
tions. In the presence of RNase, the difference in transmissi-
bility between wild-type CPMV (20–53%) and CPMV-
HRV-II (7–17%) was more striking. It is notable that under all
the conditions tested, the transmissibility of CPMV-HRV-II by
gross wounding was lower than that of wild-type virus.
Insect transmissibility
CPMV-HRV-II and -HIV-III, both of which grow to
levels similar to that of wild-type CPMV, were investigated
for their ability to be transmitted by insects. In the first
instance, transmission by beetles was evaluated by using the
bean leaf beetle, Ceratoma trifurcata (Forster), which is
known to transmit CPMV. Following acquisition of virus
from virus-infected plants, the ability of beetles to transmit
infection to healthy plants was assessed. In the case of
wild-type CPMV, 15/30 (50%) of test plants became in-
fected, the numbers for CPMV-HRV-II and CPMV-HIV-III
being 8/30 (27%) and 4/30 (13%), respectively. Thus both
chimaeras retained their ability to be transmitted by beetles
though at a reduced efficiency compared to wild-type virus.
To examine whether the presence of a heterologous pep-
tide on the surface of virions might allow transmission by
Table 3
Host range of wild-type CPMV, CPMV-HRV-II, and CPMV-HIV-IIIa
Host CPMV wt CPMV-HRV-II CPMV-HIV-III
Arachis hypogaea L. “Jumbo Virginia” 0/6 0/3 0/6
Avena sativa L. “Clintland” 0/6 0/3 0/6
Glycine max (L.) Merr. “Lee” 3/3 2/3 1/3
Hordeum vulgare L. “Stander” 0/6 0/3 0/6
Lycopersicon esculentum Mill. “Big Boy” 0/3 0/3 0/3
Nicotiana benthamiana Domin. 6/6 3/3 6/6
N. clevelandii Gray 1/4 1/4 1/3
N. glutinosa L. 0/6 0/3 0/6
N. rustica L. 1/3 1/3 1/3
Oryza sativa L. “M201” 0/6 0/3 0/6
Phaseolus vulgaris L. “Black Valentine” 3/3 2/3 2/3
P. vulgaris L. “Pinto” 0/3 0/3 0/3
Pisum sativum L. “Extra Early Alaska” 3/3 3/3 3/3
Solanum melongena L. “Burpee Hybrid” 0/3 0/3 0/3
Solanum tuberosum L. “Banana Fingerling” 0/6 0/3 0/6
Spinacea oleracea L. “Bloomdale Long Standing” 3/3 3/3 3/3
Triticum aestivum L. “Rosen” 0/3 0/3 0/3
Vicia sativa L. Roth 3/3 3/3 3/3b
Vicia faba L. “Long Pod” 2/6 0/3 1/3c
Vigna unguiculata L. “Monarch” 3/3 3/3 3/3
Vigna radiata L. var. sublobata 3/3 3/3 3/3
Zea mays L. “Country Gentleman” 0/4 0/4 0/4
a Plants were evaluated for virus infection on upper leaves 2 weeks after mechanical inoculation using PAS-ELISA. Virus-infected plants were further
evaluated using RT-PCR to confirm the identity of the CPMV chimera in the plants. CPMV, cowpea mosaic virus; wt, wild type; PAS-ELISA, protein A
sandwich enzyme-linked immunosorbent assay; RT-PCR, reverse transcription–polymerase chain reaction.
b Two of the 3 plants were infected with both CPMV-HIV-III and with wild-type-like CPMV and one was infected with wild-type-like CPMV only.
c The single infected plant contained only wild-type-like CPMV.
Table 4
Transmission of wild-type CPMV and CPMV-HRV-II by gross woundinga
Virus
concentration
Transmission rate
in bufferb
Transmission rate in
buffer  RNasec
CPMV wild-type 5 mg/ml 27/30 (90%) 6/30 (20%)
10 mg/ml 28/30 (93%) 9/30 (30%)
20 mg/ml 26/30 (87%) 16/30 (53%)
CPMV-HRV-II 5 mg/ml 26/30 (87%) 3/30 (10%)
10 mg/ml 19/30 (63%) 2/28 (7%)
20 mg/ml 25/30 (83%) 5/30 (17%)
a CPMV, cowpea mosaic virus.
b Transmission rate is given as number of plants inoculated/number of plants infected.
c RNase A was added to the buffer at a final concentration of 0.4 mg/ml.
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insects that do not normally act as vectors, aphid transmis-
sion studies were carried out using the bean aphid, Aphis
fabae. Two lengths of acquisition were used to test for
nonpersistent and persistent transmission. None of the tests
resulted in the transmission of wild-type CPMV or either of
the chimaeras (data not shown), indicating that no change in
vector specificity resulting in aphid transmission has oc-
curred as a result of expressing a foreign peptide.
Seed transmission
The ability of chimaeras CPMV-HRV-II and -HIV-III to
be transmitted through seed was compared with that of
wild-type CPMV by infecting cowpea plants, collecting the
seed and then examining whether the progeny seedling were
infected. When batches of 200 seedlings from each set of
infected mother plants were tested for the presence of virus,
none were found to be infected. Though the scale of the
experiment was fairly modest, it indicates that the presence
of foreign sequences on the virus surface does not result in
a dramatic increase in seed transmissibility.
Discussion
Comparison of the properties and yield of chimaeras
with inserts in the B–C loop of the S protein of CPMV
demonstrates that both size and pI of the insert are important
determinants of chimaera viability. Taken together, the find-
ings indicate that chimaeras with inserts that are not signif-
icantly greater than 30 amino acids and have a pI below 8.0
should give virus yields similar to those obtained with
wild-type virus. This suggestion is supported by data ob-
tained with CPMV chimaeras produced in other laborato-
ries. For example, Dalsgaard et al. (1997), Cleveland et al.
(2000), and Khor et al. (2002) report the successful propa-
gation of high-yielding chimaeras containing inserts of 17,
7, and 11 amino acids in the B–C loop of the S protein
with pIs of 7.53, 4.54, and 7.70, respectively. In addition,
Brennan et al. (1999) report the propagation at wild-type
levels of a chimaera with a 34 amino acid insert from the
outer membrane F protein of Pseudomonas aeruginosa in
the E-B loop of the CPMV L protein. Though inserted at
a different site than those used in this report, it is significant
that the pI of the insert is again low, in this case 4.53.
The observation that CPMV chimaeras with inserts with
pIs greater than 12 are not viable is similar to observations
made with TMV-based chimaeras containing very basic
inserts (Bendahmane et al., 1999). TMV chimaeras with
inserts with pIs of 12.00 and 10.81 failed to give a detect-
able infection on Nicotiana tabacum xanthi-nn plants,
though replication of viral RNA could be detected in pro-
toplasts. Partial relief of the block in infectivity was ob-
tained by flanking the insert with acidic residues, thereby
reducing its pI. These results are in essence similar to our
passaging studies with chimaeras such as CPMV-FMDV-C,
which demonstrated that an increased ability to spread sys-
temically was correlated with accumulation of mutations
that reduced the pI of the insert. The observation that mu-
tations accumulated in chimaeras with basic inserts after
only two serial passages contrasts with the situation found
with chimaeras with a wild-type phenotype as such as
CPMV-HRV-II and -HIV-III. In these cases, no mutations
accumulated even after 10 serial passages in cowpeas
(Porta, C, Lomonossoff, G.P., unpublished observations).
Although the reason for the lack of infectivity of chi-
maeras presenting peptides with pIs greater than 12 is not
known precisely, there are two attractive possibilities. The
first is that the excessive positive charge on the insert
interferes with capsid assembly, preventing the formation of
virions. Since virus assembly is required for CPMV to move
out of the initially infected cell (Wellink and van Kammen,
1989), such disruption would lead to only a subliminal
infection being established, making the chimaera appear to
be noninfectious on plants. The second possibility is that
assembly is not affected but that virus particles presenting
peptides with a very high pI are unable to move through
plasmodesmata, once again leading to a subliminal infec-
tion. Protoplast studies would be required to distinguish
between these two possibilities. A third possibility, sug-
gested for TMV chimaeras with basic inserts (Bendahmane
et al., 1999), that presence of coat protein molecules with a
high pI results in the death of infected cells seems unlikely
as no CPMV-based chimaera has been reported as inducing
a necrotic response.
Chimaeras containing inserts with pIs between 9 and 12
are clearly capable of assembling into virus particles and
moving from cell to cell in inoculated leaves, but are de-
bilitated in their ability to move systemically and generally
give very low yields of virus particles. This behaviour, first
noted with CPMV-FMDV-V (Porta et al., 1994), was orig-
inally attributed to the presence of a cell attachment motif
Arg-Gly-Asp (RGD) within the inserted peptide. It was
speculated that the presence of this sequence leads to chi-
maeric virus particles binding to cell membranes, thus giv-
ing rise to the aberrant properties of the virus. The results
presented in this study eliminate this possibility. CPMV-
FMDV-VE, a construct with an Asp-to-Glu change in the
FMDV sequence that does not alter the pI of the insert but
is sufficient to abolish attachment of FMDV to animal cells
(Mason et al., 1994), and constructs with high pI inserts
lacking the RGD motif (CPMV-FMDV-VIII, -FMDV-
VIIIR, -V42/G43-FM-T, and -V42/G43B-FM-T) all have
the CPMV-FMDV-V-like phenotype. By contrast CPMV-
FMDV-XI, which retains the RGD sequence but has a low
pI insert, gives a wild-type infection. Thus it appears that it
is the high pI of the insert, rather than the presence of a
particular motif, which is responsible for the CPMV-
FMDV-V-like phenotype. Our results with chimaeras con-
taining inserts in the C–C loop of the S protein also
indicate that the effects of a high pI insert do not depend on
the site of presentation of the peptide.
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The cause of the CPMV-FMDV-V-like phenotype is
mysterious. Particularly puzzling is the fact that viruses with
this phenotype appear to be able to move from cell to cell as
easily as wild-type CPMV while systemic movement is
severely limited. Recent work has indicated that movement
of CPMV into vascular tissue may occur by a mechanism
distinct from that used in cell-to-cell movement (Silva et al.,
2002). If this is the case, it suggests that the presence of an
insert with a pI between 9 and 12 affects the phloem-loading
mechanism far more dramatically than that involved in
cell-to-cell movement. Analysis of tissue infected with a
variety of chimaeras, to determine whether an aberrant cel-
lular distribution might be responsible, revealed the pres-
ence of very large aggregates of virus particles that occurred
regardless of the pI of their insert including cases, such as
CPMV-HRV-II and -HIV-III, where particles could be
readily isolated to give wild-type yields. Thus aggregation
per se cannot be the cause of limited systemic movement or
the difficulties encountered with virus purification. It is,
however, possible that the aggregates formed by chimaeras
with a high pI can be less easily disrupted than those formed
by other chimaeras. This is supported by the observation
that the majority of virions in CPMV-FMDV-V-infected
tissue can be sedimented by low speed centrifugation (Porta
et al., 1994; Spall, V.E., Lomonossoff, G.P., unpublished
data).
The effect of excessive insert size on virus viability is
different from that of high pI. With inserts greater than 30
amino acids, we have observed that the lesions on inocu-
lated leaves are smaller than those obtained with wild-type
CPMV and that the rate of systemic spread is impaired.
Furthermore, RT-PCR analysis showed that, while chimae-
ric particles with inserts between 30 and 40 amino acids
could be recovered from inoculated leaves, virus isolated
from upper leaves invariably contained a range of deletions.
These observations indicate that inserts above a certain size
are deleterious to the virus replication cycle and that this
effect can be relieved by deleting part of the insert. This
effect is unlikely to be a direct consequence of reduced rates
of replication of the modified RNA-2 molecules, since
RNA-2 containing the entire sequence of the green fluores-
cent protein can multiply almost as well as wild-type
RNA-2 (Gopinath et al., 2000). Thus the negative effects on
virus accumulation and spread are most likely to operate at
the level of either virus assembly or spread. The presence of
a large insert could adversely affect capsid assembly, lead-
ing to a lower rate of accumulation of infectious virions in
cells or, alternatively, assembled virus particles presenting
large inserts on the capsid surface may be debilitated for
movement through plasmodesmata.
The results of the host range and transmission studies
with two chimaeras that grew well, CPMV-HRV-II and
-HIV-III, provide compelling evidence that altering the sur-
face of the CPMV particle by expression of a heterologous
peptide does not increase the ability of the virus to spread in
the environment. The chimaeras examined were incapable
of infecting a species that could not be infected by wild-type
CPMV and, in several instances, the rate of infection of
susceptible plants was lower. The accumulation of appar-
ently wild-type sequences in Vicia spp. inoculated with one
of the chimaeras indicates that in this instance the chimaera
is at a competitive disadvantage compared with wild-type
virus. The rate of transmission of chimaeras by gross
wounding or by beetles was always lower than that of
wild-type CPMV and, as with wild-type virus, no transmis-
sion via aphids and seeds could be detected. Overall, these
findings indicate that CPMV-based chimaeras are unlikely
to cause an environmental hazard over and above that posed
by wild-type CPMV. To our knowledge, this is the first
example of a detailed analysis of the effect of the expression
of a heterologous insert on the transmission properties of a
plant virus and has important biosafety implications for the
use of viral vectors.
Materials and methods
Materials
Plasmids pBT7-123 and pMT7-601, containing full-
length cDNA copies of wild-type CPMV RNA-1 and 2,
respectively, under the control of the bacteriophage T7
promoter have been described previously (Dessens and
Lomonossoff, 1991; Rohll et al., 1993). Plasmid pMT7-
FMDV-AatII, a derivative of pMT7-601 that allows the
direct insertion of oligonucleotides between unique NheI
and AatII sites, for expression of peptides in the B–C
loop of the S protein, has been described by Porta et al.
(1994). Plasmids pCP1 and pCP2, which contain full-length
cDNA copies of CPMV RNA-1 and RNA-2 inserted down-
stream of the cauliflower mosaic virus (CaMV) 35S pro-
moter, respectively, have been described by Dessens and
Lomonossoff (1993). The generation of vector pCP2-0.51,
which harbours an NheI-AatII mutagenesis cassette around
the sequence coding for the B–C loop in the S protein of
CPMV was described in Daalsgard et al. (1997). Vector
pCP2-V42/G43 and pCP2-V42/G43B, used to produce chi-
maeras with inserts in the C–C loop of the S protein,
have been described by Chatterji et al. (2002). All con-
structs were propagated in Escherichia coli strain JM83.
Construction of chimaeric plasmids
The construction and properties of plasmids pMT7-
FMDV-V, pMT7-HRV-II, and pMT7-HIV-III have been
described earlier (Porta et al., 1994). In these plasmids, the
sequence encoding the foreign peptide was inserted between
amino acids Ala22 and Pro23 in the B–C loop of the S
protein. To create additional plasmids with inserts at this
position, complementary oligonucleotides were synthesized
that, when annealed, had NheI- and AatII-compatible ends.
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The oligonucleotides, which encode the peptide to be pre-
sented flanked by CPMV-specific sequences as shown in
Fig. 1, were ligated into NheI/AatII-digested pMT7-FMDV-
AatII or pCP2-0.51. To create chimaeras with inserts in the
C–C loop of the S protein, either of two strategies was
used. In the first, complementary oligonucleotides encoding
the foreign peptide flanked by sequences corresponding to
SalI and SphI overhangs were ligated into SalI/SphI-di-
gested pCP2-V42/G43. Alternatively, for ligation into SalI/
BsmI-digested pCP2-V42/G43B, complementary oligonu-
cleotides encoding the sequence of the foreign peptide were
flanked upstream by SalI overhangs and downstream by
CPMV sequence extending from the insertion point (nucle-
otide 2786 of RNA-2) to the position of a BsmI site (nucle-
otide 2806) generated by site-directed mutagenesis. In the
process the BsmI site was lost and amino acid Ala49 re-
stored to Thr. Identification of recombinant plasmids con-
taining the required inserts was achieved by restriction en-
zyme and DNA sequence analysis. Plasmids generated by
these various procedures were given the prefix pMT7- and
pCP2-, as appropriate, while the virus produced after inoc-
ulation was given the prefix CPMV regardless of the nature
of the original inoculum. The origins of the sequences used
to create the chimaeras are shown in Table 5.
Virus propagation
The transcription of pMT7-based constructs and pBT7-
123 in vitro with T7 RNA polymerase and inoculation of
cowpea (Vigna unguiculata cv. “California blackeye”)
plants with a 1:1 mixture of the resulting transcripts was as
previously described (Usha et al., 1993). Infection of cow-
peas with pCP2-based plasmids in the presence of pCP1
was as previously described by Taylor et al. (2000). Fol-
lowing inoculation, plants were maintained in a greenhouse
at 25°C. For passaging experiments, either purified virus,
sap extracted from infected plants, or RNA isolated from
symptomatic tissue was used as an inoculum. In the latter
case, total RNA was prepared by homogenization of a leaf
disk in 400 l of TNES [0.1 M Tris-HCl, pH 8.0, 0.1 M
NaCl, 10 mM EDTA, 1% (wt/vol) sodium dodecyl sulfate]
immediately followed by mixing with 800 l of 1:1 phenol-
chloroform. Nucleic acids were precipitated from the aque-
ous phase with ethanol. After centrifugation, the RNA pellet
Table 5
Origin of sequences used to create CPMV-based chimaerasa
Chimaera Origin of inserted sequenceb References
BPV-L1 Amino acids 485–499 from protein L1 of bovine papilloma virus type 2 This report
FMDV-V Amino acids 141–159 from VP1 of FMDV serotype O1K Porta et al. (1994)
FMDV-VE Amino acids 141–159 from VP1 of FMDV serotype O1K with a D147 to E change This report
FMDV-VII Amino acids 145–159 from VP1 of FMDV serotype O1K This report
FMDV-VIII Amino acids 150–159 from VP1 of FMDV serotype O1K This report
FMDV-VIIIR Randomized amino acids 150–159 from VP1 of FMDV serotype O1K This report
FMDV-IX Amino acids 150–154 from VP1 of FMDV serotype O1K Taylor et al. (1999)
FMDV-X Amino acids 141–154 from VP1 of FMDV serotype O1K This report
FMDV-XI Amino acids 141–149 from VP1 of FMDV serotype O1K Taylor et al. (1999)
FMDV-15 Sequence of FMDV synthetic peptide 15 Di Marchi et al. (1986)
This report
FMDV-B Tandem repeat of amino acids 135–144 from VP1 of FMDV serotype O1C Zamorano et al. (1998)
This report
FMDV-C Amino acids 136–156 from VP1 of FMDV serotype CS8 This report
HIV-III Amino acids 731–752 from gp41 of HIV-1 Porta et al. (1994)
HRV-II Amino acids 85–98 from VP1 of human rhinovirus 14. Porta et al. (1994)
MSA-1 Amino acids 21–39 from merozoite surface antigen 1 of Plasmodium falciparum This report
MSA-2 Amino acids 207–226 from merozoite surface antigen 2 of P. falciparum This report
ROTA-1 Amino acids 60–109 from VP7 of bovine rotavirus strain Uktc Taylor et al. (1999)
RSV-G Amino acids 158–189 from G protein of bovine respiratory syncytial virus This report
SA-I Truncated peptide from D2 domain of fibronectin-binding protein B of Staphylococcus aureus Signas et al. (1989)
This report
SA-II Peptide from D2 domain of fibronectin-binding protein B from S. aureus Signas et al. (1989)
This report
V42/G43-HRV Amino acids 85–98 from VP1 of HRV-14 Chatterji et al. (2002)
V42/G43-FM-T Amino acids 200–213 from VP1 of FMDV serotype O1K This report
V42/G43-HRV Amino acids 85–98 from VP1 of HRV-14 Chatterji et al. (2002)
V42/G43B-FM-V Amino acids 141–160 from VP1 of FMDV serotype O1K This report
V42/G43B-FM-T Amino acids 200–213 from VP1 of FMDV serotype O1K This report
a CPMV, cowpea mosaic virus; FMDV, foot and mouth disease virus.
b Where the sequence inserted encodes a synthetic peptide which has no natural counterpart, a reference to the orgin of the peptide is provided. In addition
references are provided in cases where a chimaera has been described previously.
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was resuspended in 100 l of distilled water and used to
inoculate the primary leaves of additional cowpea plants.
Virus purification from leaf tissue
Virus was extracted from infected tissue as described by
van Kammen and de Jager (1978). Following ultracentrifu-
gation, the virus was resuspended in 10 mM sodium phos-
phate, pH 7.0, and stored at 4°C in the presence of 0.02%
(wt/vol) sodium azide. Virus concentrations were measured
spectrophotometrically using the relationship, 260nm0.1%  8.1.
Verification of sequences in progeny viral RNA
RNA extracted from either purified virus particles or
from infected leaf tissue (see above) was subjected to RT-
PCR as described previously (Taylor et al., 2000). The PCR
products were analyzed by electrophoresis on 2% (wt/vol)
agarose gels and, in some instances, the double-stranded
DNA sequenced directly using an appropriate primer.
Preparation of ultrathin sections of infected plant tissue
Infected leaf tissue was cut into 1-mm squares under
2.5% glutaraldehyde in 50 mM sodium cacodylate, pH 7.2.
Low temperature embedding in LR White resin (London
Resin Company, Reading, U.K.) for subsequent immuno-
gold labelling was carried out as described by Wells (1985).
In cases where immunogold labelling was not being carried
out, tissue preservation was maximized by postfixing sam-
ples for 1 h with 1% (wt/vol) osmium tetroxide in 50 mM
sodium cacodylate, pH 7.2, prior to infiltration with LR
White resin, polymerization taking place at 60°C. Ultrathin
sections were cut by using an Ultracut E microtome
(Reichert-Jung, Leica U.K., Milton Keynes, U.K.) and tis-
sue sections were collected on pyroxylin and carbon-coated
gold or copper grids. Staining with uranyl acetate and lead
citrate was performed prior to examining the grids using a
JEOL 1200 EX (JEOL Ltd., Tokyo, Japan) transmission
electron microscope.
Immunogold labelling of plant tissue sections
Tissue sections were treated with either preimmune or an
anti-CPMV serum. Gold grids harbouring ultrathin sections
of infected plant tissue were placed for 30 min on 50-l
drops of phosphate-buffered saline (PBS) with 3% bovine
serum albumin and, after draining, incubated for 20 min on
50-l drops of either preimmune or anti-CPMV rabbit se-
rum diluted in PBS. The grids were then washed three times
with PBS for 30 s, drained, and transferred for 40 min on
50-l drops of a 1:20 dilution in PBS of goat anti-rabbit
IgGs conjugated to 10-nm gold particles (Biocell). There-
after, the grids were washed three times for 30 s with PBS
and three times for 30 s with distilled water and then stained
and examined as described above.
Host range studies
Sap from infected cowpea plants was used to mechani-
cally inoculate young seedlings of a variety of test plants
that had been previously dusted with carborundum. Two
weeks post inoculation, the test plants were evaluated for
the presence of virus in upper (noninoculated) leaves by a
protein A sandwich enzyme-linked immunosorbent assay
(PAS-ELISA; Edwards and Cooper, 1985) using a poly-
clonal antibody raised in rabbits against CPMV particles.
Samples that were considered positive in ELISA tests were
further analysed by RT-PCR to confirm that the virus was
the chimaera under test.
Transmission by gross wounding
Samples of purified virus particles in 10 mM sodium
phosphate, pH 7.2, were used to inoculate primary leaves of
healthy Monarch cowpea seedlings using a gross wounding
technique described by Gergerich et al. (1983) in the pres-
ence or absence of 0.4 mg/ml RNase A. Gross wound
inoculation was accomplished by dipping a glass cylinder (7
mm diameter) into the inoculum and then using the wetted
edge of the glass cylinder to cut a disk out of the leaf.
Transmission by insects
Beetle transmission studies were conducted using the
bean leaf beetle (Ceratoma trifurcata Forster), a known
vector of CPMV. Beetles were collected from soybean
fields in Arkansas, USA, and maintained on Phaseolus
vulgaris var. Pinto. Beetles were starved for 24 h prior to
being given access individually to virus-infected Monarch
cowpea leaves for a period of 24 h at room temperature to
acquire the virus. Individual beetles were then transferred to
healthy cowpea seedlings for a further 24 h. Plants with
visible feeding damage were grown in a greenhouse for 14
days and then assayed for virus infection using PAS-ELISA
and RT-PCR as described above.
Aphid transmission studies were conducted using the
bean aphid (Aphis fabae Scopoli). Acquisition times on
virus-infected cowpea plants were of two types: short peri-
ods of preliminary probing to test for nonpersistent trans-
mission and a longer period of 7 days to test for persistent
virus transmission. After virus acquisition access, 10 aphids
were transferred to each of 10 healthy Monarch cowpea
seedlings for 2 days after which the aphids were killed with
insecticide. The test plants were propagated for 14 days and
assayed for infection by PAS-ELISA.
Seed transmission
Seed transmission studies were conducted using Mon-
arch cowpeas that were inoculated with either wild-type
CPMV or chimaeras at the primary leaf stage. The seeds
that developed on infected cowpea plants were harvested
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and subsequently sown in individual pots in a greenhouse.
The emerging seedlings were monitored for CPMV symp-
toms and, 21 days post emergence, 200 seedlings from each
set of infected mother plants were tested for the presence of
virus by PAS-ELISA.
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